The electronic nature of metal-organic semiconductor contacts is a fundamental issue in the field of organic semiconductor device physics, because these contacts control the charge injection. The built-in potential in organic light-emitting diodes (OLEDs) with a Ba/Al cathode was investigated by using the modulated photocurrent technique. To measure the built-in potential, a device with a glass/tin-doped indium oxide (ITO)/tris(8-quinolinolato)aluminum (III) (Alq 3 , 150 nm)/Ba (x nm, x ¼ 3, 2, 1, and 0)/Al (150 nm) structure was fabricated and encapsulated in a nitrogen atmosphere. The device with Ba/Al cathode showed a higher built-in potential, compared with the Al-only device, which reduced the barrier height for electron injection from the Ba/Al cathode to Alq 3 . For the device with a Ba thickness of 3 nm, the barrier height for electron injection showed a low value of 0.1 eV. On the basis of the built-in potential data, the device with the ITO/ 4,4 0 ,4 00 -tris(2-naphthylphenyl-1-phenylamino)triphenylamine (2-TNATA, 30 nm)/4,4 0 -bis(N-(1-napthyl)-N-phenyl-amino)-biphenyl (NPB, 18 nm)/Alq 3 (62 nm)/Ba (3 nm)/Al (100 nm) structure showed the best characteristics with the highest luminance of 54,000 cd/m 2 and the highest efficiency of 2.7 lm/W, as compared to the other devices with Ba thicknesses of less than 3 nm.
Introduction
Recently, a great deal of research interest has been focused on functional molecular organic thin films, because of their potential use in a wide variety of optoelectronic devices, such as organic light-emitting diodes (OLEDs), 1, 2) organic solar cells, 3) and organic sensors. 4) Among these devices, OLEDs have continued to be developed for applications in flat-panel displays to meet the growing demand for information display units. A crucial process in the physics and operation of OLEDs is the carrier injection from the electrodes into the emitting layer. The injection probability is strongly dependent on the mismatch between the Fermi levels (E F ) of the electrodes and the relevant levels for conduction in the OLED, i.e., the injection barrier height. 5) The fact that the barrier height is typically not pinned in organic/metal contacts 6) and is thus strongly dependent on the work function of the electrode, allows its minimization by employing low work-function metals as the cathode 7) and high work-function conductors as the anode. 8) This asymmetry in their work functions also results in a large asymmetry of the barrier heights to hole and electron injection.
Moreover, in devices in which the anodic barrier is already low, since electrons typically have lower mobility than holes, a major improvement in their efficiency and lifetime can be achieved by using low work-function cathodes [9] [10] [11] [12] [13] [14] such as calcium (Ca), magnesium (Mg), lithium (Li) , cesium (Cs), strontium (Sr), and samarium (Sm). Recently, improved performance and stability were obtained by inserting a thin insulating film of either lithium fluoride (LiF) 15, 16) or cesium fluoride (CsF) 17) between a more stable cathodic metal (such as Al) and an electrontransporting layer (ETL). These low work-function systems can significantly improve the electron injection by lowering the lowest unoccupied molecular orbital (LUMO) level. [15] [16] [17] Meanwhile, the built-in potential (V BI ) can be used to determine the barrier height for electron injection across the organic layer from the cathode into the OLED. This V BI in the device corresponds to the difference in the work function between the anode and the cathode. Furthermore, this built-in electric field is generated by the alignment of the Fermi level of the two electrodes in the device. The electroabsorption and modulated photocurrent techniques have frequently been used to determine the value of V BI experimentally. [18] [19] [20] [21] In 1999, Brown et al. reported that the V BI can be increased by 0.5 V by inserting a poly(ethylene dioxythiophene)/poly(styrene sulfonic acid) (PEDOT/ PSS) layer in the device. 18) This article describes the light-out coupling properties of OLEDs, based on the work function of the Ba (x nm, x ¼ 3, 2, 1, and 0 nm)/Al (150 nm) cathode. Here, Ba has a low work function of 2.7 eV. 22) Although the Ba/Al cathode system has been previously reported, 23, 24) its electron injection properties have yet to be investigated in detail. To understand the electron injection characteristics from the Ba/Al cathode system into Alq 3 as a function of the Ba thickness, the barrier height (È B ) for electron injection in the devices was determined from V BI measured by the modulated photocurrent technique.
Experimental Procedure
The device structure of the OLED was composed of glass/ tin-doped indium oxide (ITO, about 10 /square)/4,4 0 ,4 00 -tris(2-naphthylphenyl-1-phenylamino)triphenylamine (2-TNATA, 30 nm)/4,4 0 -bis(N-(1-napthyl)-N-phenyl-amino)-biphenyl (NPB, 18 nm)/tris(8-quinolinolato)aluminum(III) (Alq 3 , 62 nm)/Ba (x nm, x ¼ 3, 2, 1, and 0 nm)/Al (150 nm). The Ba thicknesses in devices 1, 2, 3, and 4 were 3, 2, 1, and 0 nm, respectively. Organic layers (2-TNATA/NPB/Alq 3 ) consisting of 30-nm-thick 2-TNATA as a hole-injecting layer (HIL), 18-nm-thick NPB as a hole-transporting layer (HTL), and 62-nm-thick Alq 3 as both an electron injection layer (EIL) and an emissive layer were sequentially deposited by using a thermal evaporator system. A x-nmthick Ba layer and 150-nm-thick Al layer forming a multilayer cathode (Ba/Al) were also deposited onto the multi-organic layers by using a thermal evaporator. Finally, each device was encapsulated by depositing a bead of epoxy around the edge of the substrate, sticking a piece of glass on the bead, and curing the epoxy in a dry nitrogen box. The emissive active area of the devices was 2:0 Â 2:0 mm 2 . The device used for measuring the V BI was fabricated as a glass/ITO (about 10 /square, Geomatec Co., Ltd.)/Alq 3 (150 nm)/Ba (x nm, x ¼ 3, 2, 1, and 0 nm)/Al (150 nm) structure. Figure 1 shows a block diagram of the experimental setup used to measure the modulated photocurrent. The OLED was connected in series with a 5 k external resistance, and these two devices were electrically connected to a Keithley 236 source-measuring unit to apply a bias voltage, V Bias . The device was irradiated by the light from a 450 W Xenon light source (ORIEL Instruments 66021) chopped by a rotating blade (Stanford Research SR540). The modulated frequency was set to 20 Hz. The modulated photocurrent generated in the diode was measured as a function of V Bias using a lock-in amplifier (Stanford Research SR530) and oscilloscope (Agilent 54610B). The phase-sensitive lock-in amplifier was used to measure the magnitude and phase of the photocurrent.
The current density-voltage-luminance (J-V-L) characteristics were measured using a source-measure unit (Keithley 2400), while the emission intensities from the OLEDs devices were evaluated by measuring the photocurrent induced in a silicon photodiode (Oriel 71608) with a picoammeter (Keithley 485). The electroluminescence (EL) spectra of the as-fabricated devices were measured by optical emission spectroscopy (SC Tech. PCM-420).
Results and Discussion
To efficiently inject electrons, the introduction of Ba, with its low work function of 2.7 eV between the adjoining cathode layer (Al) and the Alq 3 layer, was expected to reduce the electron injection barrier by lowering the highest occupied molecular orbital (HOMO) level in the interface formed between Ba and Alq 3 , as shown in ref. 7 . Therefore, the use of Ba should improve the device performance by providing efficient electron injection. Figure 2(a) shows the J-V-L characteristics of the four devices, 1-4. The J-V-L characteristics for the devices are also summarized in Table I . The turn-on voltages (V T ) at a luminance of about 0.1 cd/m 2 for devices 1, 2, 3, and 4 were 2.6, 2.8, 2.8, and 6.2 V, respectively. As shown in Fig. 2(a) and Table I , at a luminance of about 100 cd/m 2 (L 100 ), the current densities (J) of devices 1, 2, and 3 were 3.9 (6.2 V), 3.8 (6.6 V), and 3.9 mA/cm 2 (6.8 V), while their maximum luminances (L max ) were 54300 (12.0 V), 39400 (12.4 V), and 33300 cd/m 2 (12.8 V), respectively. Figure 2(b) shows the external quantum efficiencies ( ext ) and power efficiencies ( PE ) for devices 1-3 as a function of the luminance, and the results at L 100 are summarized in Table I . As shown in Fig. 2(b) and Table I , the PE values at L 100 for devices 1, 2, and 3 were 2.7, 2.2, and 2.0 lm/W and their ext values at L 100 were 1.6, 1.5, and 1.3%, respectively. When the device characteristics such as V T , J, L max , ext , and PE were compared, device 1 with the cathode structure of Ba (3 nm)/ Al (150 nm) showed the best light-emitting characteristics.
The maximum peak wavelengths ( max ) of the EL spectra of the OLEDs with the Ba (x nm, x ¼ 3, 2, 1, and 0 nm)/Al (150 nm) cathode were 532, 532, 532, and 534 for devices 1, 2, 3, and 4, respectively, as summarized in Table I . The EL characteristics of the devices used in this study were similar to each other. Figure 3 shows a schematic diagram of the energy levels of a generic electrode/organic layer/electrode OLED, as a function of V Bias . The change in the magnitude of the photocurrent can be understood by referring to the modulated photocurrent technique based on the following mechanism. 19) When the device is irradiated, the organic layer absorbs the incident light and the electrons are excited from a lower energy level to a higher one. If V Bias is zero (V Bias < V BI ), at thermodynamic equilibrium, the Fermi levels align to generate V BI across the organic layer and the excited electrons drift on the average built-in electric field, as shown in Fig. 3(a) . Therefore, a photocurrent is generated even at zero bias voltage. In addition, V BI is induced by the electron transfer from the electrode with the smaller work function (i.e., cathode) to the higher work-function anode. Without any significant charge (extrinsic or intrinsic) accumulation inside the organic layer, the electric field is essentially uniform in the bulk of the organic layer.
If V Bias compensates for V BI , flat band conditions are achieved, so that V Bias ¼ V BI , as shown in Fig. 3(b) . Here, the average electric field is zero and no photocurrent flows. At biases greater than V BI , the field is F ¼ ðV Bias À V BI Þ=d > 0, and this promotes the injection of carriers through the interfacial barriers [ Fig. 3(c) ]. The degree of injection will depend strongly on the magnitude of the field and the height of the barriers and, thus, on V BI . 18) In a phase of the photocurrent, when V Bais is greater than V BI , an electric field is generated across the organic layer in the opposite direction [ Fig. 3(c) ] to that in the case where V Bias < V BI [ Fig. 3(a) ]. In this situation, the photocurrent flows in the opposite direction [ Fig. 3(a) ], which causes the phase of the photocurrent to change by 180 , as shown in Fig. 3(d) .
In designing the OLEDs with the Ba/Al cathode, the strategy we used herein was to build a series of devices differing only by the cathode contact material (by varying the Ba thickness), while keeping the organic layer and anode constant [E g ¼ constant, È B (anode) constant], thereby establishing the linear dependence between V BI and È B at the modified cathode/organic layer [i.e., È B (cathode)]. 1 eV) , 26) respectively. The È n B values for devices 1, 2, 3, and 4 were 0.1, 0.2, 0.3, and 1.3 eV, respectively. È n B is strongly dependent on the work function of the Ba/Al cathode system used in this study. When compared to the J-V-L data of Fig. 2 , increasing the Ba thickness from 0 to 3 nm improved the light-out coupling properties and, thus, reduced È n B by lowering the HOMO level of the interface formed between Ba/Al and Alq 3 . As a result, it can be inferred that the device efficiency afforded by the balanced electron/hole population was improved by the increase in the number of electron carriers, because the structure of the organic layers and the anode remained the same. 
Conclusions
The device with the structure of glass/ITO/2-TNATA (30 nm)/NPB (18 nm)/Alq 3 (62 nm)/Ba (3 nm)/Al (150 nm) showed the highest light-emitting characteristics with an L max of 54000 cd/m 2 and PE of 2.7 lm/W, as compared to the other devices with a Ba thickness of less than 3 nm. Also, in the device with the ITO/Alq 3 (150 nm)/Ba (x nm, x: 3, 2, 1, 0 nm)/Al (150 nm) structure, V BI measured by using the modulated photocurrent technique had a higher value of 1.5 V, compared to those of the other devices with a Ba thickness of less than 3 nm. This study on the use of the modulated photocurrent technique demonstrated that the electron injection characteristics are strongly dependent on the thickness of the Ba layer in the cathode and that this technology can be easily applied to tune the work function of the interface of other cathode systems.
